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I. SUMMARY 
Half  ampere  gallium  phosphide  rectifiers  with  current  densities of 30 
ampere/cm2  have  been  developed  from  epitaxially  deposited  single  crystal 
gallium  phosphide.  These  rectifiers  can  operate at ambient  temperatures 
of 400OC. 
Best  overall  characteristics at 4OO0C are  a D. C. forward  voltage  drop 
of 3 volts  (for  half  ampere  current)  and  a D. C. reverse  voltage of 
54 volts ("75 volts PIV) at  5ma  reverse  current.  The  reverse  voltage 
was  somewhat  lower  than  hoped  for.  These  results  were  obtained  by  forming 
p-n  junctions  using  zinc  vapor-solid  diffusion n a  closed  tube. 
Using  another  fabrication  approach,  namely  a  zinc  solid-solid  diffusion 
technique  (oxide  process)  to  fabricate  GaP  rectifiers,  we  have  been  able 
to  make  a  rectifier  which  operates  3OOOC with  a D. C. reverse  voltage 
of 175 volts  (at 200 microampere  reverse  current)  and  a D. C. forward 
voltage  drop  of 5.7 volts at 0.5 amperes. The room  temperature 
characteristics  were 4.6 volts  forward  drop at 0.5 amperes  and 180 volts 
D. C. reverse  voltage  with  a  reverse  current of 100 pa. The  exact 
structure  has  not  been  determined  or  the  process  optimized;  although, 
if it is a  p-n  junction,  the  p  layer  is  very  shallow  and  less  than 1/4
micron.  We  believe  that  the  structure  may  be  of  the  metal-insulator - 
(n) semiconductor  type.  An  interesting  aspect of the  process  is  that 
a  negative  resistance  was  found  in  the  forward  direction. 
The  single  crystal  gallium  phosphide  used to fabricate  the  rectifiers 
was  n-type  with  room  temperature  carrier  concentration of mid 10 /cm , 
liquid  nitrogen  mobility  of  about 1200 cm2/volt-sec  and an etch  pit 
density  of  about l o 6  etch  pits/cm . This  material  was  grown  on  GaAs 
substrates,  primarily on the <111>B orientation.  The  epitaxial  material 
was  of  imperfect  structure  as  evidenced by  the  high  dislocation  density. 
Deep  level  impurities  such  as  oxygen  were  present,  and  the  existence 
of  vacancies  was  a  distinct  possibility.  Sulfur  and  nitrogen  seemed 
to  be  present.  The  presence of these  impurities  and  the  deep  levels 
prevented  the reduction  of background  carrier  concentrations  below 
about 2 to 3 x l o 1  6/cm3;  as  a  consequence,  reverse  voltages  of  these 
materials  when  prepared  by  standard  zinc  diffusion  were  lower  than 
the  desired 150 volts PIV. 
1 C  3 
The  presence  of  a  second  shallow  donor  dopant  such  as  tellurium  in 
addition  to  the  sulfur  donor  appeared  to  produce  material  which  gave 
the  best  overall I-V rectifier  characteristics  and  was  the  most  stable. 
There  was  little  change  in the  forward  characteristic  with  temperature 
up  to 400OC. 
The housings  designed  for  the  rectifiers  were  adequate  to  handle  the 
thermal  problems. 
1 
I I .  INTRODUCTION 
Rectifiers of high  current  capacity  and  with  a  high  blockin%  voltage  are 
required  in  the  kilowatt  and  megawatt  power  systems  contemplated  for 
aerospace  application.  These  components  must  be  light  weight,  small 
size  and  low  power  loss;  be  capable of operating at high  ambient 
temperatures,  and  be  able  to  withstand  a  high  density  nuclear  radiation 
flux. 
Many  of  the  devices  being  used  are  made  of  silicon,  which  imposes  an 
upper  temperature  limit  of  200OC.  For  high  ambient  temperature  uses, 
large  thermal  shielding  and  cooling  facilities  are  required. 
Some  work  has  been  done  and  is  being  done  in  developing  ceramic  tubes 
for  high  temperature  applications.  This  approach,  however,  has  its 
inherent  drawbacks  because  ceramic  tubes  are  bulky  and  have  large  power 
losses. 
The  requirements  for  electronic  components  such  as  rectifiers  and  diodes 
to  operate  over  large  temperature  ranges,  €or  example  between  -55OC  and 
4OO0C, limits  the  possible  semiconductor  materials  that  can  be  con- 
sidered. 
Of  the  candidate  materials  currently  available,  only  silicon  carbide  and 
gallium  phosphide  meet  the  requirements  of  high  band  gap,  chemical 
stability,  and  good  thermal  conductivity.  There is  great  difficulty, 
however,  in  growing  single  crystals  of  silicon  carbide  and  controlling 
its  purity;  thus,  of  the  materials  available  and  suitable  for  this 
application,  only  Gap  offers  large  single  crystals  with  relatively  high 
purity.  Davis  (1)  and  Mandelkorn(2)  pointed out some  years  ago  the 
potentialities  of  GaP  as  a  high  temperature  rectifier.  The  ability  to 
fabricate  gallium  phosphide  into  junction  devices  along  with  the 
improvement  in  material  purity  has  increased  the  interest  in  the  appli- 
cation  of  gallium  phosphide  €or  high  temperature  rectifiers. 
2 
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Ill. RECTIFIER  DESIGN 
A. MATERIAL 
Single  crystal  gallium  phosphide  crystals of the  order of 2 cm2 can 
be  epitaxially  grown  on  monocrystalline GaAs or  GaP  by  an  open  tube 
vapor  transport  process.  The  material  can  be  doped  either n- or p- 
type  with  moderate  control.  N-type  crystals  can  be  varied n con- 
centration  from  mid lo1 to 10l8 electrons/cm3. 
B. REVERSE BREAKDOWN VOLTAGE 
The  breakdown  voltage  of  a  p-n  junction  under  ideal  conditions  is 
determined  by  the  impur'ity  concentration on the  lightly  doped  side 
of  the  junction.  Using  zinc  diffused  Gap  p-n  junctions,  we  measured 
the  reverse  breakdown  voltage  for  various  n-type  concentrations. 
The  results  are  shown  in  Figure  1  together  with  the  calculated  values 
of Sze and  Gibbons  for  an  abrupt  junction(3). As can  be  seen,  to 
obtain D. C. reverse  voltages  of 100 volts or greater,  carrier  con- 
centration  less  than  1016/cm3  are  required.  At  these  impurity 
concentrations  the  depletion  region  is  less  than 10 microns at 
100 volts  reverse. 
It is  desirable  to  minimize  the  rectifier  area  to  obtain  maximum 
breakdown,  because  the  probability  of  encountering  defects  increases 
with  the  area.  Ilowever,  additional  considerations  of  forward  current 
and  thermal  resistance  also  play  important  roles  in  determining  the 
area  requirements  for  the  rectifier. 
C. FORWARD CURRENT CAPACITY 
Gallium  phosphide,  with  its  large  band  gap,  presents  difficulties 
arising  from  defects,  strain,  poor  structure,  and  deep  level  impurities 
(which  lead  to  poor  lifetime  and  non-planar  junctions)  as  well  as 
from  the  presence  of  carrier  compensation  through  the  presence of d ep, 
levels. The  combination  of  those  effects  makes  conductivity  modulation 
difficult  except  where  the  n-carrier  concentration  is  high (>lo /cm ) 
but at these  values  the  reverse  voltages  attainable,  according  to 
Figure 1, are of the  order of only 20 volts. 
Previous  work  had  indicated  a  current  density of about 30 amperes/cm2 
could  be  achieved  without  undue  difficulties  from  heating,  contacting, 
etc. (*I. Therefore, an area  of  about 1.6 x 10" cm2 was  needed  (chip 
size 0.127 x 0.127 cm2)  to  carry 0.5 amp. 
1 7  3 
A thickness  of 150 microns  was  selected  to  minimize  strains  and  stresses 
due  to  thermal  mismatch  without  unduly  increasing  electrical  and  thermal 
resistance. To reduce  the  sheet  resistance  of  the p+ surface,  a  metallic 
layer of aluminum  was  used.  An  evaporated  Ni-Ge-Au  layer,  carefully 
heat  treated,  was  used  on  the  n-type  side  €or  contact. 
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FIGURE 1 REVERSE  VOLTAGE  BREAKDOWN VS. CARRIER CONCENTRATION FOR n-TYPE GaP 
D. THERMAL  AND  MECHANICAL  CONSIDERATIONS IN RECTIFIER  DESIGN 
GaP  has  a  thermal  conductivity of 0.77 watt/cm°C at room  temperature. 
The  thermal  resistance of a  structure  consisting of a  thin  aluminum 
film  deposited on the  p-side of a 150 micron  GaP  wafer  containing  a 
p-n  junction  (p-layer  thickness of  the  order  of 15 pm) and  coated 
on  the  bottom of the  n-side  with a Au-Ge-Ni  contact  was  calculated 
to  be  less  than  1.5OC/watt.  However,  the  expected  thermal  character- 
istics  could  be  altered  by  the  forward  drop  increasing  with  temperature 
due  to  the  difficulty of injection of minority  carriers  into  the 
lightly  doped  material. It was,  therefore,  desirable  to  use  a  housing 
having  a  copper  base. 
The  mounting  of  wafers  involves  rapid  heating  and  cooling  between 2OoC 
and 5OO0C, and  in  operation  the  rectifier  will  be  subject  to  cycling 
between 4OOOC and  room  temperature or lower.  The  differences  in 
thermal  expansion  between  the  various  materials  such  as  GaP  and  copper, 
for  example,  generate  stresses  in  the  wafer  that  must  be  controlled 
to  prevent  fracture  failures*.  The  semiconductor  wafer  is  the  most 
sensitive  part  of  the  configuration,  and  any  cracking  will  result  in 
catastrophic  electrical  failure.  Since  the  high  thermal  conductivity 
of  copper  (3.93  watt/cm°C)  is  most  d.esirable  in  order  to  remove  the 
heat  generated  in  the  GaP  wafer,  but  the  expansion  mismatch  between 
copper  and  gallium  phosphide  would  cause  fracture  of  the  chip  or  a 
pulling  of  the  chip  away  from  the  stud,  a  stress-relief  insert  between 
the  copper  stud  and  GaP  wafer  was  employed. 
The  materials  considered as stress  relief  inserts  were  tungsten,  steel, 
kovar,  molybdenum,  alloys  of  (15%  Ag,  85% W), (15%  Ni,  99.5% W ) ,  
(9% Cu,  91% W). Of  these,  molybdenum  has  a  thermal  expansion  co- 
efficient  very  close  to  gallium  phosphide,  has  good  thermal  conductivity 
(%1.4 watts/cm°C)  and  is  readily  available.  It was,  therefore,  chosen 
over  the  metal-tungsten  alloys  even  though  these  might  be  tailored 
somewhat  closer to the  expansion  coefficient  of  gallium  phosphide. 
The  molybdenum  insert  between  the  GaP  and  copper  stud  was .080" x 
.080" (200 microns  x  200  microns)  and  .005"  (125  microns)  thick. 
The  molybdenum  was  gold  clad  on  both  sides  to  insure  easy  alloying 
to  the  GaP  and  gold  clad  copper  stud. The  contact  to  the  p  face 
was  made  to  a  thin  surface  film  of  aluminum  through  a  series  of 
aluminum  wires.  With  the  high  thermal  conductivity of  aluminum  and 
the  use  of  multiple  contact  wires,  the  heat  was  effectively  removed 
from  the  p-side  of  the  junction. 
*Another  type  of  stress  and  strain  that  has  to  be  considered  is  that 
introduced  in  the  material  during  growth.  This  cannot  be  easily 
controlled  and  leads  to  poor  junctions,  irreversibility  and  eventual 
electrical  shorting. 
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E. RECTIFIER  AND ENCAPSULATION  DESIGN 
The r e c t i f i e r  c o n f i g u r a t i o n  which w a s  s e l ec t ed  i s  shown i n  F i g u r e  2. 
A series of small aluminum wires forming a "spoke" were bonded on 
one  end t o  t h e  aluminum (p+)  gallium  phosphide  surface.  These wires 
terminated on the  per iphery  of  the  gold  p la ted  Kovar r i m  of the housing. 
The rim served as the  pos i t i ve  con tac t .  Bonding t o  t h e s e  s u r f a c e s  
w a s  accomplished  by u l t r a son ic  means. The contact arrangement described 
above provided assurance of good thermal and e lectr ical  conduct ivi ty ,  
eased stress on the  ga l l ium phosphide ,  e l imina ted  a l ignment  d i f f icu l t ies ,  
and reduced problems encountered with use of a bulky  r ig id  contac t .  
The arrangement i s  shown in  F igu re  3.  
The housing (enclosure) configuration, including dimensions and materials, 
i s  shown in  F igu re  4. The housing provided a low thermal  res i s tance  
and w a s  capable of handl ing the power d iss ipa t ion  of  the  d iode .  
The enc losu re ,  i l l u s t r a t ed  in  F igu re  4 ,  u t i l i z e d  alumina as an i n s u l a t o r  
between the copper stud and the upper r i m  which w a s  gold plated Kovar. 
An extension of the r i m  beyond the  ac tua l  hous ing  permi t ted  easy  access  
€or  ex terna l  contac t ing  of a lead.  A n i cke l  (TO-5) can was welded t o  
the  Kovar r i m  thus  c los ing  the  uni t  and p rov id ing  p ro tec t ion  fo r  t he  
basic gall ium phosphide structure.  
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FIGURE 2. DIODE ASSEMBLY 
FIGURE 3. SPOKE CONTACT ASSEMBLY 
FIGURE 4. HOUSING  DESIGN AND  CONFIGURATION 
IV. MATERIAL PREPARATION  AND  ANALYSIS 
A. CRYSTAL GROWTH 
Most  of  the  single  crystal  gallium  phosphide  used  was  prepared  by 
vapor  epitaxial  deposition  on  gallium  arsenide  substrates.  The 
reagents  used  were  anhydrous  hydrogen  chloride,  elemental  gallium, 
phosphine  and  hydrogen. An  open  flow  system  in  which  quartz  was 
the  material  in  contact  with  the  reactants at high  temperatures, 
was used. 
Toward  the  end of  the  contract,  a few single  crystals  of  GaP  were 
grown  using  monocrystalline  gallium  phosphide  substrates.  Growth 
was  in  both  the  <111>B  and  <111>A  directions. 
Slices of gallium  phosphide,  grown by the  liquid  encapsulation 
technique (5) , were  also  made  available  to  us  from  Metals  Research 
Limited,  Melbourn,Royston,  Herts,  England. 
Finally,  a  grown  p-n  junction  of  gallium  phosphide  was  made  using 
zinc as the  p  dopant. 
B. PROPERTIES 
1. Orientat ion 
Most  of  the  material  grown  had  <111>B  orientation.  The <loo> grown 
GaP  appeared  to  have  a  higher  background  acce  tor  concentration  than 
found  for  the <111>B orientation. As Groves(g)  and  van  der Does  de 
Bye, et.  al. ( 7 )  have  shown,  impurity  doping is orientation  dependent. 
They  have  noted,  for  example,  that  sulfur  may  be  present  by  a  factor 
of  ten  higher  in  a  crystal  grown on the <111>B face  as on a  <111>A 
face.  Conversely  the  acceptor  zinc  has  a  greater  affinity  for  the 
<111>A  face  than  for  the  <111>B  face.  Since  an  n-type  layer  was 
desired  the  <111>B  orientation  was  favored. 
2. Electrical  Properties 
Table I summarizes  the  electrical  characteristics  of  the  single  crystal 
Gap  material  obtained  on  this  contract.  Included  also  are  the  orientation 
and  thickness  of  each  wafer.  All of the  material  was  n-type  except 
where  noted. The  carrier  concentration,  mobility,  and  resistivity  of 
each  crystal at 300°K and  also at liquid  nitrogen  temperature  are  given. 
The  room  temperature  carrier  concentrations  range  from lo1’ to IO1 */cm3. 
The  highest 77OK mobility  found  was  about 1500 cm2/volt-sec.  Samples 
with  thicknesses  less  than 200 microns  were  generally  found  to  have 
poor  structure.  Most of  the  samples  were  grown  on  GaAs  substrates.  The 
sample  with  <111>A  orientation  had  a  low  carrier  concentration,  and 
there  was  difficulty  in  making  the  measurements a  77OK. Samples  grown 
on  GaP  substrates  are  also  shown as is  the  grown  p-n  junction.  The 
lowest  free  carrier  levels  achieved  for <111>B growth  are  about 2 x 10l6 
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Table I 
ELECTRICAL  CHARACTERISTICS OF n-TYPE  GaP  CRYSTALS  GROWN 
Carrier Electron  Resistivi y 
Thickness  Co centration Mobility P Temperature of 
Sample - Orientation .~ ~" How Grown  (Microns) Ne (no/cm3) p(cm2/volt sec.) (ohm cm) Measurement (OK) _ _ ~  - 
GP 1-4-1 
GP 1-4-2 
GP 1-4-3 
GP 1-5-1 
GP 1-5-2 
G 20-38 
G 20-39 
G 20-41 
G 20-42 
2-358-3 
029 
GP 1-1-2 
G 2 1-28-2 
G 21-28-1 
GP 2-2-1 
GP 2-2-2 
G 21-29-1 
<111>B 
<111>B 
<111>B 
<111>B 
<111>B 
<111>B 
<111>B 
<111>B 
<111>B 
<I oo> 
<111>B 
<111>B 
<111>B 
<I oo> 
<I oo> 
<I1 1> B 
<111>B 
Vapor 
Epitaxial 
GaAs  Substrate 
Liquid 
Encapsulation 
Vapor 
Epitaxial 
GaAs  Substrate 
Vapor 
Epitaxial 
191 
117 
106 
92 
110 
156 
453 
428 
272 
27 1 
375 
112 
41 2 
118 
176 
363 
11 
3.6 x IO' ' 
3.6 X 1014 
2.7 x 10' 
2.2 x 1014 
1.09 x 1014 
1.9 x 1018 
5.3 x 101 
1.53 X 1017 
1.55 x 1014 
9.1 x 1014 
1.57 x lOI7 
2.5 x 10' 
6.4 x 10' 
2.5 x 10' 
6.8 x 10' ' 
2.9 x 1014 
1.47 X 1 0 ' ~  
4.3 x 1016 
1.13 x 1 0 1 ~  
5.6 x IO1' 
2.5 x 10' 
4.3 x 10' 
2.6 x 1 0 1 ~  
1.05 X 1014 
3.7 x 1016 
1.30 x lOI4 
100 
525 
121 
959 
116 
1033 
72 
139 
134 
964 
161 
1200 
182 
1470 
189 
1169 
188 
1048 
173 
1535 
105 
330 
117 
1 om 
127 
1106 
high p ,  could  not measure 
1.76~ 10l6  133 
6.1 x lOI3 1083 
1.15~ 1017  34 
2.1 x lOI4 1352 
3.4 x 10'6 131 
7.3 x lOI3 1054 
0.1 7 
33 
0.1 8 
3 .O 
0.34 
55 
0.04 
8.4 
0.30 
42 
0.1 5 
5.7 
0.54 
17.0 
0.48 
18.2 
0.60 
41 
0.83 
36.0 
0.23 
446 
0.21 
59 
1 .3.4 
43 
2.70 
94 
0.40 
22 
1.40 
81 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
300 
77 
Table I (cont'd) 
ELECTRICAL  CHARACTERISTICS OF n-TYPE GaP CRYSTALS GROWN 
Carrier Electron  Resistivity
Thickness  Concentration Mobility P Temperature of 
SamDle Orientation How  Gr n  (Microns) N, (nolcm3)  U(cm2/volt sec.) (ohm  cm)  Measurement (OK) 
G 21-29-2 <111>B Vapor 274 5.0 x 10' 136  0.91 300 
Epitaxial 3.5 x IO' 864  2080  77 
G 21 -29-3 <I 1 1 >  B 142  2.4 x IO' 94 2.70  300
1.33 x 10' 488 960 77 
GP 2-3-1 <111>B 366  4.3 x 10' 96 0.1 5 300 
4.5 X 1014 44 1 31  77 
GP 2-3-2 <111>B 580  4.7 X 10' 86 0.1 5 300 
77 
G 21-30-1 <111>B 503  5.6 x 10' 138  0.81  300 
7.7 x lOI3 1005  81  77 
G 21-30-2 <111>B 538  3.1 x 1OI6 123  1.65  300 
1.82 x 10'  676 50 77 
G 21 -30-3 <111>B 534  1.67 x 10l6  129 2.90 300 
1.58 x 10' 690  570  77 
GP 1-1 -2 <111>B 112  2.6 x 10' 117  0.21  30  
1.05 x 1014  10 0  9 77 
GP 1 - 1 - 1  < 1 1 1 >  B -1 50  300 
77 
GP 1-2-1 < I l l >  B 169  3.4 x IO' 116  0.1 6 300 
1.66 x 101  990 38  77 
GP 1-2-2 < 1 1 1 >  B 205  1.15 x IOt7 124  0.44 300 
7.0 x lOI3 1250  72  77 
GP 1-3-1 <111>B 257  2.1 x 10"  121  0.24  300 
1.55 x 1014  1020  40 77 
GP 1-3-2 < I l l >  B 161  1.23 x lOI7 143  0.36 300 
7.3 x lOI3 1245  68  77 
G 20-40 < I l l >  B 300  3.6 x 10'  193  0.89  300 
8.5 x lot3 1100 67  77 
GP 2-1 <111>B 3.9 x 10' 1 -1 2 0.14  300 
4.0 x 10' 482  .32  77 
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Table I (cont'd) 
ELECTRICAL CHARACTERISTICS OF n-TYPE GaP CRYSTALS GROWN 
Carrier  Electron  Resistivity 
Thickness  Conc ntration Mobility 
Sample Orientation ~~ How Grown (Microns) Ne (no/cm3)  p(c */volt sec.) (ohm cm) Measurement ( K) 
P Temperature %f 
__ "-. . . . . 
1 
GP 2-4-1 
GP 2-4-2 
GP 2-4-3 
GP 2-5-1 
GP 3-1 
GP 3-2-1 
GP 3-2-2 
Grown p-n 
junction 
GP 3-3-1 
GP 3-3-1 
GP 3-3-2 
GP 3-3-2 
<111> B 
<111>B 
<111>B 
<111>B 
<111>B 
<1 oo> 
<111>B 
<111>A 
<111>B 
<111>A 
<111>B 
<111>A 
Liquid from 8.6 x 10' ' 
Encapsulation ingot 
Vapor 487 2.3  x 10' 
Epitaxial 4.2 x 1 0 1 ~  
GaAs  Substrate 
780 5.4 x 10' 
3.0 x 1014 
Vapor 593 1.6 x 1 0 ' ~  
Epitaxial 2.3 x 10' 
GaAs  Substrate 
51 5 2.4 x 10' ' 
3.2 x 1014 
132 1.68  x 10' ' 
533 5.3 x 10' 
3.4 x 10' 
500 1.6 x 10' 
p layer 20-25 pn = g x 10' 7 
n-layer  320-560 N~ = x 7 
microns 
microns 
Vapor epitaxial  430
grown  on  epitaxial 
GaP substrate 
220 
Vapor epitaxial  265
grown on  bulk GaP 
substrate 
280 
5.6  x 10' ' 
3.0 x IO' 
132 5.50 
123 0.22 
914 16.2 
105 0.1 1 
923 25 
119 0.32 
832 29 
134 0.20 
1037 18.7 
180 20.00 
129 0.09 
940  2  
101 39.00 
127  .08 
99  1  21 
300 
300 
77 
300 
77 
300 
77 
300 
77 
300 
300 
77 
300 
77 
300 
300 
77 
1.45 x 1OI6  156 2.75 300 
Too high to  measure  77 
3.4 x 10' 118 0.1 5  30  
2.8 x 1014  1274 18  77 
Unable t o  measure - 300 
77 
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carriers  per cm3 with  mobilities at 77'K of about  1500  cm2/volt-sec. 
Lower  free  carrier  concentrations  obtained on this  or  other  orientations 
are believed  to  be due  to  higher  concentrations  of  deep  acceptor 
impurities  or  defects. 
This  background  impurity  level,  whether  due  to  chemical  impurities o  
native  defects,  was  controlled  to a large  extent  by  substrate  material 
and  orientation,  deposition  temperature,  growth  rate,  and  reactant  gas 
composition.  Lattice  and  thermal  expansion  mismatch  between  gallium 
phosphide  and  gallium  arsenide  produces  dislocations  and  strain  which 
are  unavoidable  when  gallium  arsenide  is  used as the  substrate. 
Dislocation Density 
Dislocation  densities on a number of  the  wafers  rown  on  GaAs  substrates 
were  measured  and  found  to  be  between  7  x  105/cmq  and  7 x 106/cm2.  The 
delineation  etch  was  a  1:7::HF:HN03  etch  with  0.25g of A g N 0 3  added  per 
100 cm3.  By  contrast  the  dislocation  densities  of  GaP  grown on Gap 
substrates  were  considerably  lower,  being  about 6 x 104/cm2,  of  the 
same  order as in  bulk  pulled  GaP  crystals. 
The  effect  of  dislocation  densities  on  the  electrical  properties  was 
demonstrated  by  its  effect  on  the  77OK  electron  mobility  of  samples 
with  the  lowest  impurity  concentrations  (and  highest  mobilities). 
Figure 5 illustrates  the  role  that  dislocations  can  play  in  affecting 
the  liquid  nitrogen  mobility.  (Because  the  electron  mobility at  77OK 
is  more  sensitive  to  impurities,  defects,  etc.,  it  has  been  chosen as 
a  measure  of  overall  crystal  quality). It can  be  seriously  affected 
by  an  increase  in  etch  pit  density.  Looked at another  way,  if  the  etch 
pit  density  can  be  reduced  from l o 6  to l o 5 ,  then  the  highest  mobility 
obtained  can  be  increased  to  values  above 2000 cm2/volt-sec at 7 7 " ~ .  
Families of curves  shown  in  Figure 5 are for  cases  where  the  effect 
of  impurities  is  greater.  With  more  impurities  the  number  of  dislocations 
required  to  greatly  affect  the  mobility  becomes  progressively  greater 
and  in  some  cases  densities  approaching  107/cm2  are  necessary. At that 
level  the  mobility  is  already  too  low  because  of  the  high  impurity 
concentration  and  the  effect  of  dislocations  is  not  as  apparent. 
Impurities  by Mass Spectrometric Analysis 
It.  is  very  difficult  to  find  a  suitable  method,  having  sufficiently  low 
limits of detection  of  impurities,  for  the  analysis  of  Gap.  The  best 
resultsl  with  respect  to  the  detection  limits  of  critical  impurities 
were  obtained  by  Mass  Spectrometry. 
Data  for  some of the  more  promising  GaP  samples  analyzed  by  Mass  Spectro- 
metry  are  shown  in  Table 11. Basic  impurities  detected  are  oxygen, 
nitrogen,  sulfur  and  silicon.  Corroboration  on  detection  of  nitrogen 
and  sulfur  in  the  samples  was  found  with  photoluminescence  measurements 
(at  liquid  helium  temperatures).  Oxygen  was  believed  to  be a residual 
imDuritv  in  the  Gap.  Dresent as a  result of the  urowinu  techniaue. 
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FIGURE 5. ELECTRON MOBILITY  AT 77 O K  vs ETCH PIT DENSITY 
Table I I 
MASS  SPECTROMETER ANALYSIS OF GaP CRYSTALS 
GaP SAMPLES 
Impurity GP 1-1-2 G 20-38 G 20-39 G 20-41 G 20-42  2-358-3  029 G 20-40 GP 1-4-1 GP 1 -42  
Carbon 
Nitrogen 
Oxygen 
Silicon 
Sulfur 
Aluminum 
Potassium 
Iron 
P m Copper 
Magnesium 
Chlorine 
Calcium 
Selenium 
Tellurium 
Boron 
Tin 
Zinc 
Chromium 
1.40 
0.03 
0.70 
0.20 
4.40 
N.D. 
2.00 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
4.1 - 7.1 
0.30 
3.20 
.N.D. 
-1.50 
0.26 
4.20 
N.D. 
N.D. 
N.D. 
0.1 8 
N.D. 
3.1 0 
N.D. 
2.0 - 3.4 
0.10 
1.60 
N.D. 
<1.50 
0.14 
1.10 
N.D. 
0.30 
N.D. 
0.06 
N.D. 
N.D. 
N.D. 
2.20 1.40 
1.50 5.20 
1.60 0.54 
-0.1 0 <<0.10 
1.10 0.80 
0.50 0.12 
0.36 0.18 
N.D.  N.D. 
N.D. N.D. 
N.D. N.D. 
N.D. N.D. 
0.04 N.D. 
N.D. N.D. 
2.10 0.30 
N.D. N.D. 
N.D. N.D. 
0.56 
0.04 
0.44 
0.1 6 
0.03 
0.24 
0.05 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
0.72 
0.12 
2.50 
<0.10 
3.50 
0.30 
0.08 
0.05 
1.70 
1.20 
0.05 
0.60 
0.20 
1.50 
0.70 
0.40 
N.D. 
N.D. 
N.D. 
0.06 
N.D. 
N.D. 
N.D. 
N.D. 
1 .oo 
1.10 
0.30 
0.70 
-0.30 
0.09 
6.00 
0.06 
N.D. 
N.D. 
N.D. 
0.04 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
0.34 
0.70 
0.04 
0.20 
0.20 
-0.30 
0.13 
4.40 
0.04 
N.D. 
N.D. 
N.D. 
0.04 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
0.14 
NOTE 
Impurities in Table above  are  given in ppma, parts per million atomic. To convert to number of 
atoms/cm3 multiply numbers in table by 5 x 10' 6 .  N.D. means impurity  looked  for  but was not detected. 
Table II  (cont'd) 
GaP SAMPLES 
MASS SPECTROMETER ANALYSIS OF GaP CRYSTALS 
Impurity GP 1-5-2 GP 2-1 GP 2-3-2 G 21'29-1 G 21-28-2 GP 2-2-2 GP 2-2-1 G 21-29-2 GP 2-4-2 
Carbon 1.70 
Nitrogen 
Oxygen 
Silicon 
Sulfur 
Aluminum 
Potassium 
Iron 
Copper 
Magnesium 
Chlorine 
Calcium 
Selenium 
Tellurium 
Boron 
Tin 
Zinc 
Chromium 
w.02 
0.44 
1.70 
-0.1 0 
0.05 
3.00 
0.03 
N.D. 
N.D. 
N.D. 
0.03 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
0.07 
1.70 
-0.02 
1.20 
2.20 
0.20 
0.04 
3.20 
0.1 6 
N.D. 
N.D. 
N.D. 
0.04 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
0.02 
1 1  .oo 
<0.05 
1.60 
6.60 
9.00 
0.40 
0.50 
0.05 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
3.00 
(0.10 
1 .oo 
1 .oo 
<0.17 
0.04 
0.26 
0.05 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
1.30  1.80 
<0.01 
0.40 
<1 .oo 
<0.03 
<0.03 
0.06 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
<0.05 
0.40 
0.24 
2.80 
0.1 2 
0.26 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
NOTE 
Impurities in Table above  are  given in ppma, parts per million atomic. To convert to number of 
atoms/cm3 multiply numbers in  table by 5 x 10' 6 .  N.D. means impurity looked for but was not detected. 
6.00 
0.05 
0.80 
0.56 
0.80 
0.26 
0.80 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
6.60 
0.40 
1.10 
0.30 
0.1 7 
0.03 
0.1 2 
0.01 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
2.80 
24.00 
32.00 
16.00 
<0.01 
0.05 
0.05 
0.24 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
0.01 
Lowest  concentration of oxygen  detected  was  about 0.2 parts  per 
million  atomic (1 x lo1 atoms/cm3) . Nitrogen  is  a  background  impurity 
which  can  be  reduced to levels  considerably  below  oxygen.  In  some 
samples,  example  G20-42,  it  was  added  during  growth  using  an  ammonia 
source. 
The  detection  of  carbon  in  the  samples  may  indicate  its  presence as 
an  acceptor  or  complex  or  both.  It  is  believed  that  not  all of the 
carbon  goes  in as an acceptor.  The  significance of potassium, 
magnesium,  chlorine  and  calcium  in  the  Gap  has not been  established. 
The  better  samples  were  noted  to  have  relatively  low  amounts  of  these 
impurities. 
The  purest  samples  were  also  the  samples  with  the  highest  mobilities. 
Samples  G20-39  and  G20-40  were  low  in  the  donor  impurities  (sulfur, 
silicon).  An  interesting  sanple  was  G20-41  which  had  a  small  con- 
centration  of  tellurium as well as of  sulfur.  Rectifiers  made  from 
it  had  some  interesting  forward  characteristics. 
While  the  arsenic  content  has  not  been  indicated,  some  arsenic  was 
present  in  all  of  the  samples  grown  epitaxially  where  GaAs  was  used 
as  a  substrate.  The  amount  varied  but  was  generally  less  than 1%. 
Vacancies  are  not  detectable  but  are  believed  to  play  a  role  also. 
Sample  #029  was  grown  by  the  liquid  encapsulation  technique  and,  aside 
from  oxygen  and  sulfur,  is  quite  pure.  Boron  appears  because  boric 
oxide  is  used as the  encapsulant  in  the  growth  of  the  crystal. 
Sample  2-358-3  was  grown  in  the <loo> orientation.  While  the  relative 
amounts  of  impurities  detected  were  low  (sulfur e 0.03 ppma) it  is 
believed  there  are  additional  acceptor  levels  present  (possibly 
vacancies)  along  with  poor  structure  leading to poor  rectifier 
characteristics.  The  correlation  between  carrier  concentration, as 
deduced  from  electrical  measurements,  and  the  above  mass  spectrometer 
data  is  generally  not  good.  Best  correlation  was  observed  for  samples 
GP1-1-2,  G20-38,  G20-39,  G20-42  and  GP1-5-2. 
Correlations  between  carbon,  oxygen,  nitrogen  and  donors,  sulfur, 
silicon,  tellurium,  tin  and  selenium  provide  indications  for  usefulness 
of  the  material  for  rectifiers.  This  will  be  shown  in  a  later  section. 
(Section v) 
The  carbon  and  oxygen  contents  in  the  <111>B  epitaxially  grown  crystals 
follow  in  almost  direct  proportions  to  each  other i.e., when  the  carbon 
content  was  high, so was  the  oxygen.  sample  2-358-3  was  grown  in  the 
<loo> orientation  and  while  the  ratio  holds,  the  amounts  of  these 
impurities  were  considerably  reduced.  Sample #029 grown  from  the  melt 
shows  a  considerably  larger  oxygen  than  carbon  content  and  inverts  the 
ratio.  Sample  G20-42  was  grown  under  considerable NH, flow  rate  and 
oxygen  content  appeared  reduced  compared to the  carbon level, but  the 
nitrogen  level  was  considerably  greater  than  for  all  the  other  samples. 
The  silicon  levels  were  low  in  all  the  samples  shown.  The  prime 
donor  impurities  were  sulfur  and  tellurium.  The  likely  acceptor 
impurity  is  thought  to  be  carbon;  although,  the  degree  to  which  it 
behaves as an  acceptor  is  unknown. 
5. Photoluminescence 
Photoluminescence  spectra  of  Gap t liquid  helium  temperature  have 
been  shown  by  a  number  of  workers,  such as  Dean (*) , to  give  rise  to 
sharp  emission  peaks  which  can  be  interpreted  in  terms  of  impurities 
present  in  the  material  and  in  the  recognition  of  strain  in  the  crystal. 
Data  taken  on  our  samples  and  interpretated  according  to  Ref. 8 indicated 
the  presence of sulfur  and  nitrogen  in  all of  the  samples  which  was 
in  qualitative  agreement  with  Mass  Spectrometer  measurements.  Least 
amount  of  strain  was  found  for  Gap  crystals  grown  on  GaP  substrates 
in  agreement  with  etch pit measurements.  On  those  samples  grown on 
G a s  substrates,  sometimes up to 1% arsenic  was  reported  (deduced 
from  the  shift  in  luminescence  peaks).  Samples  grown  in  the  <111>B 
or  <111>A  orientation  gave  rise  to  much  greater  peak  emission  amplitudes 
than  found  for  the <loo> orientated  Gap. 
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V. RECTIFIER  FABRICATION 
A. JUNCTION FORMATION 
Three different  approaches were used t o  f a b r i c a t e  e l e c t r i c a l  s t r u c -  
t u re s  fo r  u se  as GaP r e c t i f i e r s .  The approaches were z inc  d i f fused  
from the vapor i n  a closed tube,  a so l id-so l id  d i f fus ion  process ,  
and grown p-n junct ions using zinc as the  p-dopant. 
1. Closed Tube Zinc Vapor Diffusion 
The most common technique of forming a p-n junc t ion  by d i f fus ion  of 
z i n c  i n t o  n type GaP is  by sea l ing  the  sample with zinc and phosphorous 
i n  a closed tube and d i f fus ing  a t  high temperatures  for  a per iod of  
time. This technique was opt imized  in  terms of minimum forward  drop 
a t  0.5 amperes ( f o r  a given  junct ion  area : 1.6  x cm2). A s  long 
d i f fus ion  times t end  to  p rov ide  l a rge  g rad ien t s  and i n  a d d i t i o n ,  may 
lead to  thermal  e tching of  the sample,  the diffusion t imes were held 
t o  one hour. Forward voltage drops a t  0 . 5  amperes a t  room temperature 
fo r  va r ious  d i f fus ion  t empera tu res  are shown in  Tab le  111. The most 
c o n s i s t e n t  r e s u l t s  and lowest forward drops were obtained a t  a tempera- 
t u r e  of 875°C. 
The junc t ions  fabr ica ted  by th i s  t echn ique  were  ex t remely  sens i t ive  to  
poor  s t ruc ture  s ince  the  z inc  d i f fus ion  fo l lows  defec ts  and f a u l t  l i n e s .  
Consequently,  non-planar junctions and junction shorting can result  
with manifestation of poor and of ten  uns tab le  reverse  and forward elec- 
t r i c a l  c h a r a c t e r i s t i c s .  
2. Solid-Solid Diffusion 
A second fabr ica t ion  technique  in t roduced  to  permi t  be t te r  cont ro l  
of the surface concentration and lessen dependence on bulk defect  
s t r u c t u r e  w a s  t he  so l id - so l id  d i f fus ion  p rocess :  
The process  cons is t s  of  fabr ica t ing  the  GaP c r y s t a l  by sequent ia l ly  
deposi t ing and h e a t  t r e a t i n g  a p l u r a l i t y  of doped and undoped oxide 
layers  on the  GaP wafe r  t o  form the  junc t ion  by so l id-so l id  d i f fus ion .  
The oxide layers  are then removed by e t ch ing  and  s t anda rd  r ec t i f i e r  
fabr icat ion processing cont inued.  
One of  the  most i n t e r e s t i n g  resui, ts  found using this technique w a s  
no ted  for  sample NA79G20-41. We observed a nega t ive  r e s i s t ance  in  the  
forward direction which had the  effect;of reducing the forward drop a t  
h igh  cur ren ts ,  and a D. C.  reverse  breakdown of 180 v o l t s  a t  room 
temperature. The l a t t e r  e f f e c t  w a s  over  four  times h igher  than  tha t  
f o r  a p-n junct ion formed by closed tube z inc  d i f fus ions  d iscussed  
i n  V ( A - 1 )  above. The e l e c t r i c a l  c h a r a c t e r i z a t i o n  w i l l  be  discussed 
f u r t h e r  i n  S e c t i o n  V I  on t e s t i n g  and ana lys i s .  
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Table I l l  
FORWARD VOLTAGE DROP 
(Vf  AT .5 AMP AT R.T.)  VS. ZINC  DIFFUSION TEMPERATURE 
Temperature 
Material 800" C 875" C 950" C 
G20-38 
G 20-39 
G 20-40 
G 20-4 1 
G 20-42 
029 
GPI-4-2 
GPI-4-1 
3.20 
4.40 
4.1 0 
4.40 
2.54 
7.86 
4.60 
3.00 
3.42 
2.1 0 
3.25 
2.58 
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". . . ". . 
4.31 
50.00 
3.20 
3.66 
19.50 
2.20 
3. Grown Junctions 
An attempt w a s  made t o  grow p-n junctions of GaP from the vapor 
by deposi t ing on G a A s  substrates. The n layer  w a s  undoped except 
f o r  background impuri t ies .  The layer  thicknesses  and concentrations 
were : 
p layer   thickness  = 20-25pm 
concentration = 9 x 1017/cm3 
n layer   thickness  = 320 - 5 6 0 ~  
concentration = 1 x 1 0 ~ ~ / ~ ~ ~  
The un i t s  t e s t ed  had low reverse breakdowns of 1.20 v o l t s  and high 
forwards  of 1.20 v o l t s  a t  100pa. The r e s u l t s  were no t  a t t r ac t ive  
enough to  warran t  fur ther  work a t  t h i s  t i m e .  The r e s u l t s  on the  
r e c t i f i e r s  w i l l  be shown in  the  sec t ion  on Test  and Analysis (Section 
VI). 
B. CONTACTS 
A ser ies  of  f i lms  were invest igated for  use on the  p l a y e r  t o  
help i n  reducing sheet resistance and a id  in  p rov id ing  a more uni- 
form contact .  Best  resul ts  were achieved with silver and aluminum. 
Since aluminum wire was used t o  make contact between the  p layer  
and the  pos i t ive  contac t  on the housing, it w a s  f e l t  t h a t  u s e  of 
the aluminum f i lm would r educe  the  poss ib i l i t y  o f  undeshh le  
a l loy ing  ef fec ts  between different  metals  (such as  between s i l v e r  
and aluminum) which might result because of the high temperature 
opera t ion  of  the  rec t i f ie r .  A film thickness of about 1 micron 
was used. 
For the  n type contact  ( G a A s  substrate having been removed) a f i lm 
of germanium-nickel-gold w a s  evaporated on the n s ide  and was 
alloyed with a gold-germanium preform t o  a gold clad molybdenum 
sheet .  The gold-molybdenum sheet  w a s  a l loyed to  the header  by a 
gold-germanium a l loy .  The whole alloying operation was car r ied  
out  a t  500OC. 
C. JUNCTION  ISOLATION 
An e tch  fo r  t he  GaP junction region had t o  be se lec ted  tha t  was 
moderate and would not  a t tack some of the more reactive elements 
such  as aluminum o r  the housing. To etch the junct ion,  an etching 
so lu t ion  cons is t ing  of 80% (3H2S0 : 1 H , O )  and 20% H 2 0 2  was selected.  
The e tch  was hea ted  to  50OC. Following a 30 second etch in the 
so lu t ion ,  the  sample was r insed in  deionized water  and e thy l  
alcohol.  The e tch  was only moderately successful but more 
potent etches such as bromine i n  methanol a l so  reac t  wi th  the  
aluminum f i lm and the wires.  
Elimination of etching through the use of planar techniques is 
the ul t imate  goal .  
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D. LEAD AND HOUSING ATTACHMENT 
Aluminum wires  were u l t r a son ica l ly  bonded t o   t h e  aluminum f i lm  
and t o  t h e  Kovar extension on the housing using an ultrasonic 
bonder. 
The TO-5 nickel cans were welded t o  the base by means of a capacity 
discharge welder. 
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VI. TESTING AND ANALYSIS 
A. INCREASING AREA OF JUNCTION 
Most work on gallium phosphide has been concerned with junction 
areas of   the   o rder  of 1.6 x c m 2 .  I n   t h e   p a s t  , when t h e  
junct ion area has been increased by an order of magnitude t o  
1.6 x c m 2 ,  i ncons i s t en t   r e su l t s   have   been   ob ta ined   i n  re- 
verse  breakdown vol tage  wi th  respec t  to  cons tan t  cur ren t  dens i ty  
because  of  h igh  d is loca t ion  dens i ty ,  poor  s t ruc ture  and inhomo- 
genci ty .  A number of tests, the re fo re ,  were made on our material 
using both the smaller and l a rge r  a rea .  I t  w a s  found t h a t  t h e  
maximum reverse vol tage breakdown a t t a i n a b l e  f o r  t h e  sample re- 
mained t h e  same, even with an order of magnitude increase in 
junct ion area. 
B. THERMAL CHARACTERISTICS OF ASSEMBLED RECTIFIERS 
The temperature rise above ambient of a number of assembled 
r e c t i f i e r s  w a s  measured t o  i n s u r e  t h a t  t h e  d e s i g n  o f  t h e  s t r u c -  
t u r e  and housing used w a s  f ea s ib l e .  A thermocouple  of  chromel- 
alumel was welded d i r ec t ly  to  the  hous ing  to  r eco rd  the  d iode  
case  tempera ture  wi th  the  rec t i f ie r  under  fu l l  and continuous 
load (0.5 amperes D. C. forward  current) .  The ambient  empera- 
t u r e  of t he  oven i n  which the  d iode  w a s  placed was recorded (see *::. 1 
following  paragraph V I  (C)  € o r  f u r t h e r  d e s c r i p t i o n ) .  N o  u n i t  
w a s  observed t o  f a i l  because of mechanical  fa i lure  ( i .e .  GaP 
chip detaching from base due to  overheat ing o r  a l l o y  material 
mel t ing,  e t c . ) .  
A s  expected,  the uni ts  which had the lowest forward voltage drop 
(If = 0.5 amp) had the lowest diode case temperature.  A s  a r e s u l t  
of o u r  t e s t s ,  it was found t h a t  a temperature rise of 100 degrees 
above  ambient ( 4 O O O C )  could be tolerated.  
A l i s t  of some o f  t he  un i t s  t e s t ed  and the temperature  rise 
above  ambient (for ambient temperature of 22°C and 4OOOC) is 
given in  Table  I V .  A D. C. f u l l  l o a d  of 0.5 amperes was cont in-  
uous ly  app l i ed  to  the  r ec t i f i e r s .  The temperatures  recorded are 
f o r  s t e a d y  s t a t e  v a l u e s  o f  t h e  r e c t i f i e r  c h a r a c t e r i s t i c s .  The 
r e c t i f i e r s  were  unmounted, a s ide  from attachment of leads for 
e l e c t r i c a l  c o n t a c t s ,  and were opera ted  in  the  f ree  space  envi ron-  
ment of t he  oven. The d i f fe rences  noted  in  Table  I V  f o r  t h e  temp- 
e r a t u r e  r i s e  above ambient may r e f l ec t  d i f f e rences  o the r  t han  the  
power lo s s  gene ra t ed  in  the  fo rward  d i r ec t ion .  Such f a c t o r s  as 
pos i t ion  of  the  d iode  in  the  oven ,  the  s ize  of  the  lead  wire f o r  
e l ec t r i ca l  con tac t ,  coo l ing  by convec t ion ,  rad ia t ion ,  prof ic iency  
of  thermocouple  contact  to  case,  e tc . ,  may en te r  i n to  the  va lues  
noted. The values are important only as they  in fe r  a genera l  
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Table IV  
TEMPERATURE RISE OF GaP RECTIFIERS 
AT 22°C AND 4OO0C AMBIENT WITH ELECTRICAL CHARACTERISTICS 
Ambient Temperature Ambient Temperature 
22°C 4OO0C 
v (volts) v (volts) v (volts) 
Reverse 
v (volts) 
Forward Reverse Forward 
--  -
Sample at  .lma leakage a t  0.5 amp. AT 22OC(') a t  5ma  leakage at 0.5 amp. AT 40Oodz) 
1 R69G20-39 
1 R71G20-41 
23.0 
19.0 
1 R69G20-38 8.6 
1 R71 G20-42 22.0 
1 NA73GP1-1-2 9.5 
1  R69-2-358-3  (1 00) 7.8 
1 NA74-029 10.6 
1 NA75-029 11.8 
4.4 
4.1 
3.2 
4.4 
3.5 
4.0 
2.1 
3.9 
76 
130 
58.0 
36.0 
7 -3 
4.4 
67 . 14.0 3.0 
111 50.0 5.8 
81 20.0  5.1 
87  4.4 60.0 
41  13.5 1 .E 
73 15.4  4.4 
137 
79 
47 
90 
50 
65 
21 
49 . 
' Rise of diode case temperature above  22°C ambient. 
Rise of diode case termperature above  4OO0C ambient. 
idea  about  diode  case  temperatures  and  estimates of junction  temp- 
erature.  (Junction  temperatures  may  be  between 10 and 50 degrees 
higher  depending on the unit). An  idea of the  diode  case  tempera- 
ture of two  sample  units  for  various  ambient  temperatures  is  pro- 
vided  in  Figure 6. The two  units  chosen  were  1NA74029  which  had 
the  lowest  forward  drop  and  1R71G20-41  which  appeared to have  the 
highest  diode  case  temperature  at  room  temperature  ambient.  Recti- 
fier  1NA74029  had  an  approximate  continuous D. C. power  dissipation 
of about 1 watt;  whereas,  1R71G20-41  had  a  dissipation  of  about  2 
watts.  Measurements  with  both  increasing  and  decreasing  ambient 
temperature  were  made  with  good  reproducibility  as  noted  in  Figure 6. 
C. CURRENT-VOLTAGE  CHARACTERISTICS,  FORWARD 
AND REVERSE, AS A  FUNCTION OF TEMPERATURE 
A series of current-voltage  measurements  as  a  function  of  tempera- 
ture  have  been  made  on  rectifiers  fabricated  by  the  methods  discussed 
in  Section V. The  units  were  attached to  posts on a  ceramic  block. 
The  posts  were  connected to external  power  sources  €or  the  forward 
and  reverse  measurements.  Suitable  metering  was  used to record  the 
D. C.  forward  and  reverse  currents  and  voltages.  Temperatures  were 
measured  with  chromel-alumel  thermocouples,  one  being  attached  to 
the  housing  and  another  used  to  measure  ambient  temperature.  The 
thermocouple  voltages  were  read  on  a  thermocouple  potentiometer. 
The  ceramic  block  containing  the  rectifiers  was  placed  in  a  tempera- 
ture  controlled  oven  capable  of  attaining  temperatures  of  1000°C. 
Measurements  of  current,  voltage  and  temperatures  in  general  were 
made  from  room  temperature to 4OOOC  during  both  heating  and  cooling 
legs  of  a  complete  temperature  cycle.  In  many  cases  the  full  load 
was  applied  continuously  to  the  rectifier  even  when  measurements 
were  not  being  made. All of the  units  tested  had  junction  areas  of 
1.6 x  cm2. 
A summary of the  electrical  characteristics  is  shown  in  Table V. 
Included  in  the  Table  are  the  carrier  concentrations of  the  n  type 
base  material,  the D. C. forward  voltages  at  0.5  ampere  at  both  room 
temperature  and  at 5 ma  at  400OC.  ambient.  The  rectifiers  are  listed 
without  regard  to  the  junction  technique  used.  From  the  table  it  is 
noted  that  unit  1NA79G20-41  had  the  best  overall  characteristics  in 
that it had a D. C.  reverse  voltage  of 180 volts  at  room  temperature 
for a  reverse  current  of 0.1 ma  and a  reverse  voltage of 175 volts 
at 0.2 ma  reverse  current  at  300OC.  The  forward  drop  at 0.5 amperes 
increased  from 4.6 volts  at  room  temperature  to  5.7  volts  at 3OOOC 
which  was  somewhat  higher  than  desired  but  considerably  better 
overall  than  found  for  many  of  the  other  samples.  The  unit  was  in- 
advertently  destroyed  by  applying  a  large  overvoltage  during  the 
testing  at  300°C so that  the  characteristics at 4OOOC  could  not  be 
measured. 
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0-  INA74-029" Forward Power-One 
0 increasing temperature 
0 decreasing temperature 
A- tR71620-41-- Forward Power - Two Waits 
A increasing temperature 
A decreasing temperature 
100 200 SO0 400 5 00 
Ambient Temperature ( O C)  
FIGURE 6. RECTIFIER CASE TEMPERATURE vs AMBIENT TEMPERATURE 
I -  .,: 
Table V 
SUMMARY  OF  ELECTRICAL  CHARACTERISTICS  OF  RECTIFIERS  TESTED 
. .  . 
D.C. D.C. D.C. 
Carrier Concentration V (volts) ., '  v (volts) v (volts) v (volts) 
nd of base material Reverse Reverse Forward  Forward 
D.C. 
Sample (no/cm3), R.T. at .1ma (R.T.) at 5ma (40OoC) at 0.5 Amp (R.T.) at 0.5 Amp (4OOOC) - .  "~- 1 . - . ~. ~~ 
2NA77G20-41 
1 R69G20-38 
1  NA74-029 
1  NA73GP1-1-2 
1  R69G20-39 
1  R69-2-358-3  (100) 
1R71G20-42 
1  R71G20-41 
1  NA75-029 
2NA76G20-39 
1  NA77G20-42 
1  NA76G20-40 
1  NA77MR * 1 
1NA76G20-38 
2R56G  17-9 
1 R62PE051 
1  NA78GP1-4-1 
2NA79G20-41 
1  NA79G20-41 
1 NA81  G20-42 
1NA80G20-39 
1  NA82G20-12-1 
1  NA79MR *: 
1NA81-MR-029 
1  NA79G20-39 
Grown Jct e 1 
Grown  Jct * 2 
Grown Jct * 3 
Grown  Jct a 4 
Grown  Jct # 6 
Grown  Jct 8 8 
3NA87G21-29-2 
1  NA87G21-29-2 
2NA87G21-30-3 
7NA87G21-29-2 
4NA87G21-30-3 
6.8 x 10' ' 
2.5 x 10' 
2.5 x 10' 
2.6 x 10' 
6.4 x 10' 
4.3 x 10' ' 
5.6 x 10' 
6.8 x 10' ' 
2.5 x 10' 
6.4 x 10' ' 
5.6 x 10' ' 
3.6 x lo1 ' 
8.6 x 10' ' 
2.5 x 10' 
3.5 x 10' 
3 x 1 0 ' ~  
3.6 x 10' ' 
6.8 x 10 l6  
6.8 x 10' ' 
5.6 x 10' 
3.6% 1 0 l 6  
2.6 x 10' ' 
8.6 x 10' ' 
2.5 x 101 
ph = 9  X i o t 7  
ne = 1 X 1017 
6.4 x 10' 
I .  
I ,  
I ,  
5 x 10'6 
5 x 1oI6 
5 x 10'6 
7.67 x 1 0 l 6  
1.67 x 1 0 l 6  
40.0 
8 .B 
10.6 
9.5 
23.0 
7.8 
22.0 
19.0 
1 1.8 
70 .O 
38.0 
52.0 
20.0 
12.0 
54.0 
24.0 
19.0 
48.0 
181 .O 
41 .O 
48.0 
22.0 
493.0 
19.0 
38.0 
17.0 
22.0 
20.0 
16.0 
17.0 
17.0 
86.0 
102.0 
233.0 
90.0 
251 .O 
54.0 
14.0 
13.5 
20.0 
58.0 
60.5 
50.0 
36.0 
15.4 
112.0 
56.0 
I '  75.0 
37.0 
36 .O 
86.0 
45.0 
33.0 
78.0 
175.0 
59 .O 
86.0 
32.0 
318.0 
35.0 
52.0 
taken a t  300 'C Ambient 
' taken with  forward  current  of 0.2 amp rather  than 0.5 amp. 
3 taken only t o  200°C. forward currents were 1ma. 
4 forward voltage for forward current of 0.1 amp. 
3.00 
3.20 
2.10 
3.50 
4.40 
4.07 
4.40 
4.10 
3.86 
7.90 
3.40 
4.60 
11.10 
2.50 
7.50 
15.50 
2.58 
6.20 
4.60 
3.66 
4.30 
44.50 ' 
21 5.00 
19.50 
9.60 
20.00 
18.00 
21 .oo 
6.00 
7.20 
5.80 
9.10 
9.00 
37.90 
8.10 
48.00 
3.18 
3.00 
1.75 
5.08 
7.30 
4.40 
5.80 
4.40 
4.40 
20.20 
4.50 
8.60 
12.60 
2.03 
24.50 
15.30 
1.98 
7.60 
5.70 ' 
5.00 
12.90 
33.00 
21 2.00' 
12.10 
7.50 
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The lowest forward yoltage noted a t  4OOOC w a s  f o r  sample 1NA74029 with 
a va lue  of  1 .75  vol t s  for  0.5 amperes. This w a s  found f o r  n type  ma- 
terial  of carrier concent ra t ion  grea te r  than  1 0 ~ ~ / ~ i 3 .  The h ighes t  
D. C. reverse vol tage  found a t  4OOOC f o r  5 m a  leakage w a s  w i th  r ec t i -  
f i e r  2NA76G20-39 where a value of 1 1 2  v o l t s  w a s  found. In each of the 
l a t te r  two u n i t s  t h e  o t h e r  c h a r a c t e r i s t i c ,  i .e .  e i ther  reverse  charac-  
ter is t ic  o r  fo rward  cha rac t e r i s t i c ,  w a s  poor. The b e s t  o v e r a l l  u n i t  
with which w e  achieved 4OO0C, and which w a s  reproducible ,  was 2NA77G20-41 
where both the forward and reverse c h a r a c t e r i s t i c s  were f a i r l y  c o n s t a n t  
through the temperature  range to  4OOOC and had a reasonable degree of 
r e v e r s i b i l i t y .  
Material G20-41 w a s  o f  pa r t i cu la r  i n t e re s t  because  it contained two 
donor  impur i t ies ,  su l fur  and te l lur ium,  wi th  te l lur ium be ing  present  in  
an amount about  double  the sulfur .  A study w a s  made o f  t h i s  material 
as a funct ion of  the var ious junct ion techniques used and compared with 
o the r  materials. This w i l l  be  reported below. 
1. Forward Voltage Characterisitcs with Temperature 
The e f f e c t  o f  D.  C.  forward voltage drop as a function of ambient temp- 
e ra ture  for  var ious  forward  cur ren ts  i s  shown in  F igu res  7 ,  8 ,  and 9. 
I n  some of t h e  cases w e  have a l s o  shown the  cyc l ing  of  the  I f - V F  charac- 
ter is t ics   with  temperature .   Three  forward  currents  (100 m a ,  300 m a ,  
500 m a )  were plot ted for  each of  the samples  used for  the f igures .  A t  
100  m a ,  the  ' forward vol tage decreases  with increasing temperature  as one 
would expect from theory. A t  the  higher  currents ,  the forward vol tage 
did not behave as predic tab ly ,  ind ica t ing  the  l ike l ihood of  in f luence  
by deep  leve ls .  Whether the vol tage drop increases  or  decreases  appears  
t o  be  re la ted  to  the  ex ten t  of  the  deep  leve ls  present  in  the  s ta r t ing  
mater ia l .  The processing method may inf luence the extent  of  the change 
in  the  forward  drop  but  no t  the  genera l  charac te r i s t ic .  A good example 
o f  t h i s  i s  i l l u s t r a t e d  i n  F i g u r e  7 f o r  m a t e r i a l  G20-41. Junct ions were 
d i f f u s e d  i n t o  t h e  material a t  8OOOC (1R71G20-41) 875OC (2NA77G20-41)  and 
by the   so l id-so l id   d i f fus ion   technique  (1NA79G20-41,  2NA79G20-41). I t  
c a n  b e  s e e n  t h a t  i n  s p i t e  o f  d i f f e r e n c e s  i n  t h e  magnitude of the forward 
vol tage drops for  the var ious diffusion techniques,  the general  shape 
o f   t h e   c h a r a c t e r i s t i c   f o r   t h e   t h r e e   c u r r e n t s  was similar. Where the 
sample has been cycled, a "hys t e re s i s "  e f f ec t  w a s  p re sen t  fo r  a l l  t he  
runs. Generally a t  0.5 amp , the forward voltage drop increased with 
increasing temperature .  A t  100 m a  forward  current,   the  forward  voltage 
decreased with increasing temperature whereas a t  300 malthe behavior 
of forward voltage with temperature reflected a c h a r a c t e r i s t i c  between 
t h e  above two cases.   Generally  €or our "junction"  type  (whether P - I - N ,  
M-I-N,  M-N, e tc . )  s t r u c t u r e  we had t o  c o n s i d e r  b o t h  t h e  e f f e c t  of 
i n j e c t i o n  i n t o  a h i g h  r e s i s t i v i t y  l a y e r  (i laye r )  and the  va r i a t ion  
o f  t h e  r e s i s t i v i t y  of t h e  i layer with temperature (and as a conse- 
quence the posi t ion of  the Fermi l e v e l  i n  t h e  i l a y e r ) .  
U s e  was made of the level of  the zinc concentrat ion and g rad ien t  t o  no te  
the presence of  deep levels .  Because t h e  l i f e t i m e s  may be  sho r t  
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(%lo-' t o  lo-' sec) , l ead ing  to  shor t  d i f fus ion  lengths ,  the  h igh  
r e s i s t i v i t y  l a y e r s  formed in  the  junc t ion  fabr ica t ion  may be too 
wide to  e f f ec t ive ly  p rov ide  fo r  low voltage drops.  Essentially,  
minor i ty  car r ie r  in jec t ion  w a s  small  for carrier concentrations below 
l o 1  7 / ~ m  . Above t h i s  v a l u e  of concentration the effects of deep 
l eve l s  and background can be overcome by the  l a rge r  e f f ec t  o f  t he  
f ree  car r ie r  concent ra t ion .  In jec t ion  becomes considerably  bet ter  
and the forward voltage drop behaves as expected from thdory, namely 
decreasing voltage with increasing temperature. This is shown i n  
F igu re -8  fo r  sample 1NA74-029. A t  t he  same time, there i s  l i t t l e  o r  
no "hys te res i s"  e f fec t  on heat ing and coo l ing  the  r ec t i f i e r .  We note 
t h a t  from a room temperature value of about 2.2 v o l t s  a t  0.5 amperes, 
the forward drop decreased to 1.75 volts a t  4OOOC ambient. The problem .. 
of high forward voltage then appeared t o  be associated with deep level 
impuri t ies ,  vacancies ,  e tc . ,  which become important for carrier con- .. 
cen t r a t ions  in  the  r ange  below 10' 7 / ~ m 3 .  However, t o  ob ta in  h igh  re- 
verse  vol tages ,  it w a s  necessary  to  work a t  t he  low 10' t o  l o 1  6 / ~ m 3  
c a r r i e r  l e v e l s .  
4 .  . 
* .  
* i.. 
To more c lose ly  scru t in ize  the  poss ib le  impur i t ies  which can cont r ibu te  
t o  t h e  deep l e v e l s  o r  t o  t h e  h i g h  r e s i s t i v i t y  l a y e r  formed in  junc t ion  
d i f fus ion ,  it is w e l l  t o  look a t  sample lNA77G20-42 (d i f fus ion  a t  875OC) 
and the impurity analysis of G20-42 as given in Table 11. The forward P . 
cha rac t e r i s t i c s  a re  shown in Figure 9. The e f f e c t  of temperature on 
forward voltage drop for this diffusion was more pronounced than for 
the same d i f f u s i o n  f o r  G20-41 (Figure 7 ,  2NA77G20-41).  From mass spec- 
trometer analysis of these samples (Table 11) w e  noted tnat the  most 
pronounced d i f f e rences  in  impur i t i e s  were with nitrogen and te l lur ium. 
The e f f e c t  of n i t rogen ,  an  i soe lec t ronic  subs t i tuent ,  on t h e  r e c t i f i e r  
c h a r a c t e r i s t i c  i s  not clear,  but tellurium does have a r o l e  a s  a group 
V I  donor. While the additional appearance of the tellurium would 
sugges t  tha t  the  room temperature  carr ier  concentrat ion of  G20-41 should 
be a t  least  a f ac to r  of 3 grea te r ,  surpr i s ing ly  it was found t h a t  G20-41 
and G20-42 have  about  the same R. T. ca r r ie r  concent ra t ion .  I t  i s  
suggested that tellurium may be playing an a d d i t i o n a l  r o l e  t o  t h a t  of 
a substi tuent shallow donor,  perhaps in complexing o r  i nac t iva t ing  some 
of the deep levels. 
Perhaps an equal ly  in te res t ing  comparison can be made with material  
G20-39. Rec t i f i e r  2NA76G20-39 formed by d i f fus ion  of z i n c  a t  875OC from 
a closed tube shows considerably higher forward voltage drop (see 
Figure 10..for forward drop vsl temperaturg curve)  than ei ther  rect i f iers  
made from G20-41 o r  G20-42. Since the thickness  of the gall ium phos- 
phide and the junct ion area w e r e  t he  same as fo r  t he  o the r  un i t s  and the  
car r ie r  concent ra t ion  was about the same a s  f o r  G20-41 and G20-42 
(Table I ) ,  the major voltage drop w a s  i n  t he  h igh  r e s i s t i v i ty  "i" layer .  
From Table I1 we noted that the major differences between G20-39, and 
G20-41 and G20-42 w a s  i n  t h e  amounts  of n i t rogen  and ,  in  the  fac t ,  tha t  
G20-39 contains no addi t iona l  donor  such as tellurium. From our  dis-  
cussion above, w e  would suggest that the absence of tellurium might 
account for the greater forward drop noted in unit 2NA76G20-39. I f  t h i s  
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i s  indeed the si tuation, then one might suggest the introduction of 
addi t iona l  sha l low leve l  impur i t ies  (or  even  i soe lec t ronic  impur i t ies )  
t o  e l e c t r i c a l l y  i n a c t i v a t e  some of the deep levels.  
A n  i n t e re s t ing  empi r i ca l  r e l a t ionsh ip  o r ig ina t ing  as an outgrowth of 
t he  above discussion has been the grouping of impurit ies as deduced 
from t h e  mass spec t rometer  ana lys i s  in to  a s i n g l e  f a c t o r  and t o  re la te  
th i s  de r ived  f ac to r  t o  the  fo rward  vo l t age  d rop  a t  0.5 amperes forward 
cu r ren t  (a t  room temperature) .  A f a c t o r  so devised is  the following: 
[C/O/ND]/ne where C i s  the concentrat ion of  carbon atoms found from 
mass spectrometer  analysis ,  0 i s  the oxygen concent ra t ion  s imi la r ly  
determined. ND. = (S + S i  + T e  + Se + Sn + ---) , - ne i s  t h e  t o t a l  
e l e c t r i c a l  c a r r l e r  c o n c e n t r a t i o n  o f  t h e  b a s e  material at room tempera- 
tu re .  F igure  11 is  a p l o t  of the forward voltage drop a t  R. T. (1/2 
ampere forward current ,  same junct ion area) f o r  samples having various 
[C/O/ND]/ne f a c t o r s  and f o r  two zinc  diffusion  temperatures .  The s ig-  
n i f i cance  o f  t he  f ac to r  is t h a t  it should be as small as possible .  This  
can be accomplished i n  s e v e r a l  ways: one i s  t o  make t h e  c a r r i e r  concen- 
t r a t ion   l a rge .   Unfo r tuna te ly ,   t h i s   l eads  t o  low  breakdown vol tages .  
I f ,  however, w e  take a value of 0.25 f o r  t h e  f a c t o r  [C/O/N,l/ne and Set 
ne = 1 x lo1 6 / ~ m 3 ,  and adding 5 x lo1 atoms/cm3 of S and Te doping 
while keeping the oxygen l e v e l  t o  2 . 5  x 10' '/cm3, the  condi t ion  for  
ob ta in ing  low forward voltage drops of 3 vo l t s  t hen  i s  t o  keep the car- 
bon l e v e l  below 1016/cm3. A t  t h e  same time the low ca r r i e r  l eve l  shou ld  
meet the  requi rement  for  ob ta in ing  reverse  breakdown voltages of 100- 
150 volts.   There i s  a h i n t  t h a t  t h e  C/O (carbon/oxygen) r a t i o  i s  t i e d  
in  wi th  de fec t s  and impurity complexes. 
We have attempted to look a t  t h e  h i g h  r e s i s t i v i t y  "i" laye r  from 
another point of view:  namely,  double  injection  or  space  charge 
l imited current  theory.  We chose r e c t i f i e r s  made from GaP mate- 
r i a l  G20-41 and se l ec t ed  samples which had been zinc diffused via 
c losed tube diffusion a t  875OC and 8OOOC and v ia  so l id - so l id  
d i f fus ion .  Sub t rac t ing  the  junc t ion  o r  ba r r i e r  vo l t age  from the  
forward drop a cur ren t -vol tage  p lo t  on a log-log scale of the 
h igh  r e s i s t i v i ty  r eg ion  ( a t  room temperature) of the samples dif- 
fused via  the closed tube process  shows a current-vol tage var ia t ion 
of I - V  whereas fo r  t he  so l id - so l id  d i f fus ion ,  one f inds  a I-V1'3 
r e l a t ionsh ip .  The meaning  of the  d i f fe rence  i s  not  understood. 
2. Reverse Voltage Characteristics with Temperature 
The reverse vol tage i s  basical ly  determined by the impurity doping 
leve l  of  the  more l i g h t l y  doped r e g i o n  i n  a p-n j u n c t i o n .  I f ,  as 
i s  usual ly  the case,  the base n l aye r  i s  t h e  l i g h t e r  doped, then 
the  maximum obtainable  breakdown vol tage w i l l  be given by the base 
car r ie r  concent ra t ion  ( see  F igure  1). The breakdown voltage  should 
increase with increasing temperature  according to  the work of 
McKay (9) and Crowell and Sze (lo) and Sze (11) . A simple explanation 
f o r  t h i s  i n c r e a s e  i s  tha t  t he  ho t  ca r r i e r s  pas s ing  th rough  the  dep le t ion  
l aye r  unde r  h igh  f i e ld  lo se  pa r t  o f  t he i r  ene rgy  to  op t i ca l  phonons 
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after traveling each electron-phonon mean f r ee  pa th ,  X . The value 
of A decreases with increasing temperature.  Therefore,  the carriers 
lose more energy t o  t h e  c r y s t a l  l a t t i c e  a l o n g  a given distance a t  con- 
s t a n t  f i e l d .  Hence, t h e  c a r r i e r s  must pass through a g rea t e r  po ten t i a l  
difference (or  higher  vol tage)  before  they can acquire  suff ic ient  ener-  
gy to  gene ra t e  an e lec t ron-hole  pa i r .  Sze( l l )  ind ica tes  tha t  for  the  
same doping prof i le  the  pred ic ted  percentage  change on the  breakdown 
voltage w i t h  temperature is about the same f o r  GaP as  it is f o r  S i  
junct ions.  The var ia t ion of  vol tage breakdown with temperature can 
be expressed as(’) 
v (t) = v (to) [l + B’(t-to)] - - - - - - - - - - - - - (1) B B 
where VB (to) and VB (t) are  the  breakdown voltages a t  temperatures 
to (room temperature) and t respect ively,  B ‘  is  the temperature 
coe f f i c i en t  of the breakdown voltage.  
From the curves of Crowell and Sze (lo) t h e   r a t i o  of VB (t) /VB (to) 
should increase 2 0  t o  40% a t  4 O O 0 C  depending on the background 
doping l eve l s .  
We have p lo t t ed  the  D. C .  r everse  vol tage  for  var ious  rec t i f ie rs  fabr i -  
cated from mater ia l  G20-41 using different  junct ion processing techniques.  
According to  F igure  1, G20-41 with a room temperature background doping 
concentration of 6.8 x 10l6 should have a theore t ica l  vo l tage  breakdown 
a t  room temperature of approximately 40 v o l t s  and a t  4 O O O C  the  breakdown 
should  be  about 55 vol ts .  In  Figure 1 2 ,  a ,  b ,  c ,  t h e  D. C. reverse 
voltage of samples IR71G20-41, 2NA77G20-41,  lNA79G20-41 and 2NA79G20-41 
a re  p lo t t ed  as a function of temperature. The first two samples  have 
been z inc  d i f fused  a t  8OOOC and 875OC respec t ive ly  in  a closed tube, 
t h e  l a t t e r  two samples were fabricated by the  so l id-so l id  d i f fus ion  
technique. Sample lNA79G20-41  was inadvertently  broken down a t  3OOOC 
when a large over voltage was applied and consequently the data only 
goes t o  300OC. 
The D. C. reverse voltages obtained i n  Figure 1 2  for  mater ia l  G20-41  by 
the different  processing techniques indicate  a range of values ( a t  100 
pa leakage)  between 18 v o l t s  and 180 v o l t s .  Two of  the samples  fa l l  
within the vol tage breakdown predicted by Figure 1. It  is in t e re s t ing  
t o  n o t e  t h a t  t h e  D .  C. reverse voltages obtained with G20-41  by the  
sol id-sol id  diffusion are  higher  than noted with the closed tube 
d i f fus ion  and higher than expected from simple p-n junction theory 
of  breakdown. This suggests that  perhaps there i s  an addi t iona l  
b a r r i e r  o r  t h e  l i g h t e s t  doped s ide  i s  not  the base n layer .  The 
sol id-sol id  technique was generally found to  g ive  h igher  D. C. 
reverse voltages than found by other techniques (see Table V I ) .  
With permitted leakage values of 5 m a  it can be seen from Figure 1 2  c 
tha t  va lues  as high as 200 v o l t s  may be expected. The reverse  vol tage 
a t  this  leakage level  increases  with increasing temperature  general ly-  
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Table VI 
ELECTRICAL CHARACTERISTICS OF GaP PROCESSED BY 
SOLID-SOLID DIFFUSION TECHNIQUE 
(a) Room Temperature 
D. C. Forward Characteristics D. C.  Reverse Characteristics 
Vf (volts) VR (volts) 
Sample(') 1 OOma 300ma  500  1 Opa 1 OOpa 
MR 1 
G 20-40 
1 NA79G20-41 
rp 
I-J 
I 
2NA79G20-41 
NA87G21-29-2 
21  5.0 
15.0 
2.8 
3.2 
( 2 )  
3.4 
NA87G21-29-2 
5.0 
NA87G21-30-3 
5.0 
NA87G21-30-3 
5.0 
25.0  35.0 
3.8  4.6 
4.7 6.3 
5.4  7.0 
7 .O 8.5 
9.0  12.0 
11.0  17.0 
54 
45 
95 
48 
95 
65 
40 
170 
493 
81 
180 
48 
115 
70 
50 
210 
( I )  Junction areas of the samplesare all the same (i.e. 1.6 x 1OS2cm ). 
('1 At current of .01 ma. 
Table VI  (cont'd) 
ELECTRICAL CHARACTERISTICS OF GaP PROCESSED BY 
SOLID-SOLID DIFFUSION TECHNIQUE 
(b) 400°C Ambient 
D. C. Forward Characteristics 
Vf (volts) 
Sample 1 OOrna 300ma  500ma 
D.C. Reverse Characteristics 
VR (volts) 
1 OOpa 5 ~ a  
1NA79G20-41 2.3 
2NA79G20-41 2.4 
G20-40 21 .o 
4.0 
5.1 
30.0 
5.7 
7.6 
37 .O 
159l 
55 
50 
175' 
78 
97 
Sample  was inadvertently broken  down a t  300°C by applying a large  over  voltage. The reverse voltage  measurement was that 
recorded a t  300°C for a leakage of 200pa. 
The high level of leakage can generally be tolerated when t h e   t o t a l  
power d i s s i p a t i o n  i n  t h e  r e v e r s e  d i r e c t i o n  is  less than  10% tha t  in  the  
forward direction. The var ia t ion  of the reverse  vol tage with tempera- 
ture noted for the four samples a t  a reverse current of 100 pa i s  
given in  Figure 1 2  B. The reverse vol tage shows some change with 
temperature, but it is not appreciable.  As expected, the most sensi-  
t i ve  ind ica t ion  of chancjes i s  found in  F igure  1 2  A where the  D. c. 
reverse  vol tage i s  p lo t t ed  as a function of temperature for the four 
samples a t  a reverse leakage of 10 Ua. Two e f f e c t s  are noted i n  t h e  
f igure :  one i s  a n  i n i t i a l  d e c r e a s e  of V with increasing temperature 
to  about  250OC; a second e f f e c t  i s  note3 above about 25OoC and espec- 
i a l l y  above 3OOOC where a more rapid decrease of reverse voltage with 
temperature i s  observed. 
Severa l  fac tors ,  as ide  from surface leakage, could be contributing 
to the decrease of reverse voltage with increasing temperature for 
a given  reverse  current. These are (1) deep leve l   impur i t ies  ( 2 )  
c r y s t a l  s t r a i n  and defec ts  (poor  c rys ta l  s t ruc ture)  (3)  mobili ty 
o f  z i n c  i n t e r s t i t i a l s .  
A s  temperature increases,  deep levels can become an additional source 
of c a r r i e r s  and deep level  impuri t ies  such as oxygen o r  oxygen domin- 
a ted  complexes can play an important  role  in  account ing for  the leak-  
age currents  and,  in  effect ,  may ra i se  the  leve l  of leakage current 
a t  a par t icular  reverse  vol tage.  
The e f f e c t s  of s t r a i n  and d is loca t ions  in t roduced  in to  the  c rys ta l  
during growth  can resu l t  in  the  format ion ,  dur ing  z inc  d i f fus ion* ,  
of zinc aggregates,  complexes, p rec ip i t a t e s  forming a t  these defect  
o r  d i s l o c a t i o n  s i t e s .  ( l 2 f  13, 14) As the temperature increases and 
a reverse or bias voltage i s  a p p l i e d ,  z i n c  i n t e r s t i t i a l s ,  which a r e  
not  t igh t ly  bound, can become mobile leading to increased leakage 
as  wel l  as i r r e v e r s i b l e  changes in  the  device  charac te r i s t ics .  
The e f f e c t  of deep leve ls  should  not  resu l t  in  a pronounced i r r eve r s i -  
b i l i t y  whereas,  the effect  of zinc mobility (and poor structure) could 
r e s u l t  i n  a very pronounced degradation of characteristics on cycling. 
In Figure 13 we have p lo t t ed  the  r e su l t s  of cycling the reverse volt- 
age ( a t  1 0 ~  a leakage) of two samples as  a function of temperature 
in  the range between room temperature and 400OC. One of  the  samples, 
1R71G20-41, which was fabricated by z inc  d i f fus ion  in  a closed tube 
shows a l a rge  i r r eve r s ib i l i t y  i n  coo l ing  from 400OC. The unit  never 
r e t u r n s  t o  i ts  or iginal  value.  I t  i s  bel ieved that  the degradat ion 
arises through increased mobili ty of zinc atoms which can l e a d  t o  
junc t ion  shor t ing .  This  s i tua t ion  resu l t s  from a combination 
*especial ly  when the zinc surface concentrat ion i s  too high and not 
w e l l  control led.  
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FIGURE 13. CYCLIC  VARIATION  OF  REVERSE  VOLTAGE  AT 10pa 
REVERSE  CURRENT  WITH  TEMPERATURE (Samples 
IR71 G20-41 and 2 NA  79 G20-41) 
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D. 
of inadequate control of zinc surface concentration and poor c r y s t a l  
s t ruc tu re .  The heavy concentration of z inc  a t  the  sur face  permi ts  
r a p i d  d i f f u s i o n  o f  z i n c  i n t e r s t i t i a l s  and t h e y  t e n d  t o  move more 
r ap id ly  a long  f au l t s ,  d i s loca t ions ,  etc.,  forming aggregates, pre- 
c i p i t a t e s  and complexes wi th  defec ts ,  deep  leve l  impur i t ies ,  etc. 
The r e s u l t  o f  b e t t e r  c o n t r o l  o f  z i n c  is  shown by t h e  much more rever-  
s i b l e  r e s u l t  o b t a i n e d  i n  F i g u r e  1 3  w i t h  sample 2NA79G20-41, f ab r i ca t ed  
by the  so l id-so l id  d i f fus ion  technique .  The " h y s t e r e s i s "  e f f e c t  i n  
the temperature range of 200-300°C i s  be l ieved  due  to  deep  leve l  
e f f e c t s  and perhaps insuff ic ient  t i m e  t o  e s t a b l i s h  e q u i l i b r i u m  a t  these  
temperatures.  The l a rge  d rop  in  r eve r se  vo l t age  above 3OOOC  may be 
r e l a t ed  to  the  poor  s t ruc tu re  o r  h igh  d i s loca t ion  dens i ty  o f  t he  
mater ia l  G20-41.  The exac t  na ture  of  the  e f fec t  i s  no t  known. 
The impor tan t  fac tor  is  t h a t  c l o s e  and ca re fu l  con t ro l  o f ' z inc  concen- 
t r a t i o n  can  r educe  degrada t ion  e f f ec t s  i n  the  e l ec t r i ca l  p rope r t i e s  
o f  t h e  r e c t i f i e r s  and also reduce but not eliminate the dependence of 
the  vol tage  and c u r r e n t  c h a r a c t e r i s t i c s  on t h e  s t r u c t u r e .  
Sample 1R71G20-41 is  f a i r l y  t y p i c a l  of r e su l t s  ob ta ined  where the  z inc  
concentrat ion w a s  no t  cont ro l led  adequate ly  for  the  poor  c rys ta l  
s t ruc ture .   ( see   F igure   13 . )  
To more c l e a r l y  show t h e  e f f e c t  o f  s t r u c t u r e ,  we compared sample 
1R71G20-41 with 2NA76G20-39. Both  samples  were  zinc  diffused  via  the 
closed tube,  but  mater ia l  G20-39 had a d is loca t ion  dens i ty  of  8 x l o 5  
etch pits/cm2; whereas,  G20-41 had a d i s loca t ion  dens i ty  of 3.5 x l o 6  
e tch pi ts /cm2,  a fac tor  of  over  four  h igher .  A p lo t  o f  D.  C.  r everse  
voltage vs.  temperature a t  a reverse leakage of 1 0  pa i s  g iven  in  
Figure 1 4 .  The cyc l ing  o f  t he  un i t s  r evea l s  a s i g n i f i c a n t  d i f f e r e n c e  
i n  r e v e r s i b i l i t y ,  t h e  sample with the bet ter  s t ructure ,  lower dis lo-  
ca t ion  dens i ty  (2NA76G20-39), has  the  more reproducib le  charac te r i s t ics .  
Supportive evidence for improving the structure of the gallium phosphide 
grown, decreasing effect  of  deep level  impuri t ies  such as oxygen,  and 
very  c lose ly  cont ro l l ing  the  z inc  concent ra t ion  and diffusion appear  
from t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  r e c t i f i e r s  a s  a funct ion 
of temperature. 
SOME ELECTRICAL  CHARACTERISTICS  OF SAMPLES 
PREPARED BY SOLID-SOLID  (OXIDE)  DIFFUSION  TECHNIQUES 
The so l id - so l id  d i f fus ion  p rocess  d i scussed  in  Sec t ion  V has produced 
some in t e re s t ing  cu r ren t -vo l t age  cha rac t e r i s t i c s  a s  we l l  as t h e  b e s t  
o v e r a l l  I-V cha rac t e r i s t i c s  o f  t hose  GaP r e c t i f i e r s  f a b r i c a t e d .  
Sample 1NA79G20-41 w a s  p repared  us ing  the  so l id-so l id  d i f fus ion  
process .  
Curren t -vol tage  t races  of  rec t i f ie r  1NA79G20-41  room temperature 
c h a r a c t e r i s t i c s  are shown i n  F i g u r e  15 a ,  b ,  c. In  F igure  15  a ,  a t  
about 2 m a  forward current  and 2 .5  vo l t s ,  a nega t ive  r e s i s t ance  e f fec t  
i s  noted. A s  t he  cu r ren t  i s  inc reased  to  0 .5  amperes  (Figure  15 b ) ,  
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FIGURE 14. CYCLIC  VARIATION  OF REVERSE VOLTAGE  AT  10pa 
REVERSE CURRENT  WITH  TEMPERATURE SHOWING DIFFERENCES 
IN  RECTIFIERS - MADE FROM MATERIAL G20-41 AND G20-39. 
MATERIAL G20-39 HAS LOWER ETCH PIT DENSITY THAN 
G20-41 
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Forward  Characteristics  at low currents 
showing  negative  resistance;  horizontal 
scale, voltage, 5 voltsldiv.,  vertical,  cur- 
rent  10 maldiv .  
Reverse  characteristics - horizontal - 20 volts/ 
div;  vertical  rnaldiv. 
FIGURE 15. I-V OSCILLOSCOPE  TRACES AT ROOM  TEMPERATURE  OF  SAMPLE 
IN A 79 G20-41 USING SOLID-SOLID DIFFUSION PROCESS 
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t h e  forward voltage increases t o  about 4.6  v o l t s .  While the re  i s  no 
s t ra ight  forward inject ion,  the presence of the  nega t lve  res i s tance  
region does tend to reduce the value of forward voltage below that 
expected. The D. C. reverse  vol tage-current  character is t ic  is shown 
in  F igure  15  c ( the  reverse  vol tage  sca le  i s  20 vol t s /d iv is ion) .  A 
breakdown is noted t o  o c c u r  a t  about 180 volts. The v e r t i c a l  s c a l e  
i s  10 pa/division. 
Although the  nega t ive  res i s tance  e f fec t  no ted  in  F igure  15  a has not 
been explained, it is specula ted  tha t  it could  be  a t t r ibu ted  to  a 
double  inject ion mechanism, in t e rna l  f i e ld  emis s ion  o r  a breakdown 
mechanism. While there  i s  an absence of  real  inject ion af ter  the 
negative resistance,  the forward drop i s  lower a t  0.5 amperes than 
would be the case without  the negat ive resis tance effect .  The lack of 
a real i n j e c t i o n  e f f e c t  p o i n t s ,  as has been in fe r r ed  p rev ious ly ,  t o  
the presence of deep levels and poor  s t ructure .  These factors can lead 
to  sho r t  d i f fus ion  l eng ths  and low l i fe t imes .  The s i t u a t i o n  i s  espec- 
i a l l y  pronounced for  car r ie r  concent ra t ions  below 10’ ’/cm3. 
Another effect  noted with u s e  of  the sol id-sol id  diffusion process  i s  
t h a t  shown in  F igure  16.  This i s  a room temperature  forward  current- 
vol tage t race found i n  sample lNA84GP2-2-2 showing osc i l l a t ions .  The 
cur ren t  leve l  i s  about 0 . 4  m a  where t h e  e f f e c t  is observed. 
A l ist of current-voltage characterist ics of samples processed by the  
sol id-sol id  diffusion technique i s  given i n  Table V I .  
A s  pointed out previously,  the reverse voltages obtained are higher 
than found when processed by other techniques.  
Some of the  uni t s  l i s ted  in  Table  V I  weremot  taken  to  40OOC because 
it w a s  f e l t  t h a t  t h e  r e s u l t s  would not provide any additional informa- 
t i on .  
E. CAPACITY-VOLTAGE MEASUREMENTS ON FABRICATED RECTIFIERS 
Capacity-voltage measurements taken a t  1 megacycle using capacitance 
bridge have suggested that the surface concentration of zinc appears 
t o  be greater for the closed tube zinc vapor diffused technique than 
by using the solid-solid diffusion process.  Capacity measurements 
on un i t s  made by the former process are (for an area of 1 . 6  x lo-’ cm2) 
of the order of 300-800 pf ;  whereas ,  for  the same area,  but  using the 
sol id  diffusion process  the highest  capaci t ies  achieved are  about  
75 pf .  
An outgrowth of these measurements has been the  re la t ionship  between 
the  forward voltage drop a t  0.5 amperes ( a t  room temperature) and the  
zero  bias   capaci tance  ( for  an area  of 1 .6  x cm2). I t  has  been 
found tha t  t he re  i s  an inverse  re la t ionship  between capacity and 
forward vol tage as  indicated in  Figure 17 .  I t  i s  desirable  using the 
so l id-so l id  d i f fus ion  process  to  aim for  zero bias  capaci t ies  of about 
350 pf which i s  a f ac to r  of 5 higher than presently achieved. 
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FIGURE 16. I-V FORWARD  CHARACTERISTICS SHOWING OSCILLATIONS AT 
ROOM TEMPERATURE 
Scale - Horizontal - 1 volt/division 
Vertical - 0.2 ma/division 
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For r e c t i f i e r s  w i t h  a base carr ier  concentrat ions >1017/cm3 and with 
the closed tube zinc vapor diffusion process? the capacity-voltage 
re la t ion  can  be  sa t i s f ied  by a square law dependency (i. e .  C-2 vs. V 
applied).  This  uggests an abrupt  junction.  For  example,  sample 
1NA74-029 exhibits such a behavior. The capac i ty  vol tage  da ta  for  
samples having lower base c a r r i e r  l e v e l s  (>1017/cm3)  and/or fabr icated 
by so l id-so l id  d i f fus ion  a re  complex and no t  r ead i ly  in t e rp re t ab le  
(in terms of abrupt or graded junctions).  
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FIGURE 17 ZERO BIAS CAPACITANCE VS. FORWARD VOLTAGE DROP A T  0.5 AMPERES 
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VI I. CONCLUSIONS 
Half ampere ga l l i um phosph ide  r ec t i f i e r s  w i th  cu r ren t  dens i t i e s  o f  
30 ampere/cm* and opera te  on temperatures  up to  4OOOC have been 
developed from epi taxial ly  deposi ted s ingle  crystal  gal l ium phosphide.  
B e s t  o v e r a l l  c h a r a c t e r i s t i c s  o b t a i n e d  a t  4OOOC are a D. C. reverse  
vol tage of 54 v o l t s  (Q75 v o l t s  P I V )  a t  5 m a  reverse   cur ren t .  The 
reverse  vol tage i s  somewhat lower  than hoped f o r .  These r e s u l t s  
were obtained by forming p-n junct ions using closed tube zinc vapor  
d i f fus ion .  
Using another  fabr icat ion approach,  namely a so l id - so l id  d i f fus ion  
p r o c e s s ,  t o  f a b r i c a t e  GaP r e c t i f i e r s ,  we have been able t o  make 
a r e c t i f i e r  which has a D. C. reverse  vol tage  of 175 v o l t s  ( a t  200 pa 
r eve r se  cu r ren t )  a t  temperature of 3OOOC and a D. C. forward voltage 
drop  of 5.7 v o l t s  a t  0.5 amperes. The room tempera ture  charac te r i s t ics  
a r e  4.6 volts  forward drop a t  0.5 amperes and 180 v o l t s  D. C. reverse  
vol tage with a reverse current of 100 pa. The exac t  s t ruc ture  has  not  
been determined or the process optimized; although, i f  it i s  a p-n 
junct ion,  the p- layer  i s  very  shallow and l e s s  t h a n  1 /4  micron. It  i s  
be l i eved  tha t  t he  s t ruc tu re  may be of the metal-insulator-(n) semi- 
conductor type. An in t e re s t ing  a spec t  o f  t he  p rocess  i s  t h a t  a negat ive 
r e s i s t a n c e  i s  found in  the  fo rward  d i r ec t ion .  
The s i n g l e  crystal  GaP used t o  f a b r i c a t e  rect i f iers  was n-type with 
room temperature  carr ier  concentrat ions of  mid lo1  6 / ~ m 3 ,  77OK mobi l i ty  
of about 1200 crn2/volt-sec, and an etch p i t  dens i ty  o f  abou t  l o 6  e t ch  
pits/cm2. The ma te r i a l  w a s  grown on GaAs s u b s t r a t e s  and was grown 
pr imar i ly  on the  <111>B o r i en ta t ion .  The e p i t a x i a l  material grown’ 
w a s  o f  imperfec t  s t ruc ture  as evidenced by the  h igh  d i s loca t ion  dens i ty .  
Deep levels  such as oxygen were present ,  and the  ex i s t ence  of vacancies 
w a s  a d i s t i nc t  poss ib i l i t y .  Su l fu r ,  n i t rogen ,  oxygen seem t o  be present  
i n  t h e  G a p .  The presence of  these impuri t ies  and the deep levels  
prevented the reduction of background l e v e l s  i n  GaP below about 2 t o  3 x 
1016/cm3; a s  a consequence reverse  vol tages  of  those  materials when 
prepared by s tandard  z inc  d i f fus ion  were lower than the desired 150 volts 
P I V .  
The add i t ion  of a second shallow donor dopant such as te l lur ium with the 
sulfur  donor  appeared to  produce mater ia l  which gave t h e  b e s t  o v e r a l l  
I -V r e c t i f i e r  c h a r a c t e r i s t i c s  and was the  most stable.  There w a s  l i t t l e  
change in  the  forward  charac te r i s t ic  wi th  tempera ture  to  400OC. 
The hous ings  des igned  fo r  t he  r ec t i f i e r s  were adequate  to  handle  the 
thermal problems. 
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VIII. 
A. 
RECOMMENDATIONS 
Even  though  progress  has  been  made  in  developing  a 4OOOC g llium 
phosphide  rectifier,  further  work  is  required  to  improve  the  reverse 
characteristics at 4OO0C, to  reduce  the  forward  voltage  drop,  and 
to  improve  device  stability.  In  order  to  achieve  these  goals  the 
following  is  recommended: 
MATERIAL  IMPROVEMENT 
Basic  to  device  fabrication  and  performance  is  the  ability  to  control 
the  structure  of  the  starting  material.  Strain,  vacancies,  defects, 
and  dislocations  generally  give  rise  to  poor  control of the  diffusant 
and  lead  to  non-planar  and  irregular  junctions  with  decoration  of 
faults  and  dislocation  by  the  zinc  diffusant.  Present  dislocation 
density  of  106/cm2  should  be  reduced  to  104/cm2  or  even  103/cm2. 
With  improvement  in  structure  will  come  better  control  of  im  urities 
and a  reduction  of  background  level  from 2 x 10l6 to  mid 10 /cm3. 1B 
1. Crystal Growth 
Two  approaches  for  achieving  better  structure  in  the  gallium  phosphide 
are  vapor  epitaxy  and  liquid  epitaxy on bulk  grown  gallium  phosphide 
substrates. 
a. Vapor Epitaxial GaP 
Vapor  epitaxial  growth of gallium  phosphide  on  bulk  gallium  phosphide sub-
strates  will  eliminate  structural  defects  due  to  lattice  mismatch.  Pre- 
liminary  work  indicates  a  reduction  in  dislocation  density  from  lo6 
to l o 4  dislocations/cm2  for  the  single  crystal  GaP  grown  on  bulk  GaP 
substrates.  By  analogy  with  epitaxial  growth  of  gallium  arsenide, 
the  epitaxial  dislocation  density  should  be  even  lower  then  the 
substrate  dislocation  density.  This  result  can  not  be  achieved  by 
growth  on  substrates,  then-selves  initially  grown  epitaxially,  because 
the  high  dislocation  density  of  the  latter  simply  propagates  into  the 
epitaxial  layer.  Taylor  et.  al. (13) have  demonstrated  the  dramatic 
effect,  on  both  room  temperature  and  liquid  nitrogen  temperature 
mobilities,  of  using  bulk  gallium  phosphide  substrates.  In  the  latter 
case  one  sample  attained  a  liquid  nitrogen  mobility  of  over 2,000 
cm2/volt-sec.  Optimistically,  a  parallel  improvement  in  rectifier 
performance  could  be  attained. 
A further  advantage  of  epitaxial  growth on gallium  phosphide  sub- 
strates  is  that,  for  practical  devices,  since  only  a  thin  layer  of 
active  material  is  required,  a  much  shorter  time  is  required  fbr 
growth.  In  addition,  by  growing  the  layer  on  a  more  highly  conducting 
substrate,  the  forward  resistance  of  the  device  can  be  lowered, 
permitting  higher  current  carrying  capacity. 
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b. Liquid Epitaxial GaP 
The  use  of  liquid  epitaxial  growth  eliminates one potentially  serious 
source of contamination -- the  hydrogen  chloride gas used  in  the 
vapor  epitaxial  growth  technique.  Furthermore,  an  additional 
purification  step  may  be  involved  since  high  purity  gallium 
phosphide  previously  synthesized at a relatively  low  temperature 
from  gallium  and  phosphide  can  be  used  to  prepare  the  saturated 
gallium  phosphide  solution. 
2. Reduction of Impurity Level 
A  reduction  in  the  background  impurity  level  from 2-3 x 1OI6 to 
the  mid  1015/cm3  range  should  be  facilitated  by  the  use  of  purer 
and  more  carefully  prepared  starting  materials. 
The improvement  in  structure  and  the  use  of  better  starting  materials 
should  result  in  improvement of carrier  lifetime  which  should  in  turn 
improve  forward  characteristics  (lower  forward  voltage  drop). At the 
same  time  the  reverse  voltage  should  improve  since  the  background 
level  will  be  decreased  permitting  a  lower  net  carrier  concentration 
and  higher  reverse  voltages. 
B. INVESTIGATION OF BEST ELECTRICAL STRUCTURE 
FOR  FABRICATION OF HIGH TEMPERATURE  RECTIFIERS 
An  evaluation  of  junctions  with  consideration as to  the  use  and  control 
of  zinc  as  a  diffusant  should  be  made.  Criterion  should  be I-V 
characteristics,  stability  and  reversibility of the  resultant  rectifier. 
The  use of a  metal-insulator-semiconductor  structure  or  a  Schottky 
barrier  may  be  considered.  The M-S (Schottky  barrier)  structure  has 
the  advantage of completely  eliminating  zinc but of introducing  other 
problems  relating  to  selection of a  metal  that  will  not  alloy  at  high 
temperatures,  that  will  have  suitable  and  compatible  thermal  character- 
istics  to  the  gallium  phosphide  and  will not unduly  strain  or  undergo 
stress  fatigue  and  crack. 
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IX. SAMPLES SUBMITTED  TO  NASA 
Rectifier Number 
7NA87G21-29-2 
3NA87G21-29-2 
6NA87G21-29-2 
4NA87G21-29-2 
8NA87G21-29-4 
1NA80G20-39 
2NA79G20-41 
2NA87G21-30-3 
5NA76G20-40 
2NA77G20-41 
lNA77G20-42 
3NA76G20-39 
5NA76G20-39 
1NA81G20-42 
2NA76G20-40 
4NA76G20-40 
5NA87G21-29-2 
4NA87G21-30-3 
2NA77G20-42 
2R71G20-41 
3NA80G20-39 
2NA80G20-39 
lNA78GPl-4-2 
4NA76G20-39 
3NA76G20-40 
1NA74-029 
lNA74GPl-3-1 
6NA76G20-39 
7NA76G20-39 
8NA76G20-39 
2NA87G21-30-3 
3NA87G21-30-3 
4NA87G21-30-3 
5NA87G21-30-3 
1NA87G21-29-2 
3NA87621--29-2 
3NA77G20-41 
6NA76G20-40 
8NA76G20-40 
4NA77G20-42 
D.C. 
Forward  Voltage 
Drop, Vf (volts) , 
at 1/2 Ampere at 
Room Temperature 
8.1 
8.5 
8.3 
10 
10.4 
5.1 
5.5 
37 
4.5 
2.9 
3.0 
5.5 
8.0 
4.2 
3.5 
4.0 
11.6 
47 
3.5 
3.5 
4.3 
5.6 
2.99 
7.3 
3.5 
2.1 
4.0 
6.8 
7.6 
8.1 
15.8 
30 
16.5 
18.3 
11.3 
9.6 
3.2 
4.7 
4.2 
3.6 
D.C. 
Reverse Voltage 
VR(volts) at 0.1 ma 
Reverse Current at 
Room Temperature 
90 
78 
75 
100 
92 
60 
50 
233 
50 
40 
40 
55 
68 
40 
41 
45 
89 
2  51 
35 
30 
50 
35 
18 
64 
35 
12 
23 
60 
64 
54 
46 
127 
90 
83 
66 
48 
30 
44 
38 
34 
55 
Rectifier Number 
5NA77G20-42 
7NA76G20-40 
3NA77G20-42 
3NA81G20-41 
1NA81GP1-4-2 
2NA90G21-30-1 
1NA89G21-30-1 
lNA78GPl-5-2 
3R71G20-41 
lNA79G20-39 
lNA82GP2-1 
2NA81G20-41 
3R69G20-38 
D.C. 
Forward Voltage 
Drop, Vf (volts)  , 
a t  1/2 Ampere a t  
Room Temperature 
3.6 
6.1 
3.6 
3.1 
2.2 
5.9 
4.9 
2.2 
5.5 
10.1 
4.4 
2.6 
2.8 
D.C. 
Reverse Voltage 
VR (vo l t s )   a t  0.1 ma 
Reverse Current a t  
Room Temperature 
30 
33 
26 
21 
20 
20 
21 
11 
20 
23 
5 
5 
5.3 
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